Introduction
Dispersions of inorganic solids such as Ti02 are widely used, e.g. in paints. In those applications, frequently a stable dispersion of the solids concerned is required. The size range of the primary particles of the pigment in most cases is adjusted such as to be in the optimum range with regard to light scattering as required for obtaining a paint of high covering power; in the case of TiOz, this is on the order of 0.3-0.4pm. Aggregation of the pigment particles then should be avoided. This is achieved in most cases by the addition of polyelectrolytes acting as agents preventing coagulation. In such cases it is important to know under which conditions (concentrations, pH, etc.) the polyelectrolyte will stabilize the pigment dispersion concerned, especially since low concentrations of a polyelectrolyte often bring about flocculation (aggregation due to polymer bridging) rather than counteract coagulation (aggregation under the influence of attractive Londonvan der Waals forces between the particles).
The question of the stabilization of colloid dispersions against aggregation by polyelectrolytes has been studied previously; see, for example, La Mer and Healy,l Kitchener,2 V i n~e n t , ~ and Burlamacchi et al.4 Usually, flocculation is induced by polyelectrolytes when their surface coverage is markedly below the saturation value of the surface; when the surface is covered to a higher degree, flocculation does not occur and stabilization against coagulation is brought about. Maximal flocculation is frequently achieved when the surface carries only about half its saturation capacity of polymer.2 While many aspects of these phenomena have been elucidated, there remain two questions which, in the opinion of the present authors, have as yet not received sufficient attention: (a) Are electrostatic and steric stabilization effects additive? In other words, if the surface charge and electrolyte concentration are such that a suspension is electrostatically stabilized against aggregate formation, is this stability of the dispersion then further enhanced by the presence of a polymer layer? (b) What stabilizatiodflocculation effects are observed on addition 
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The present study is devoted to these questions, in the special case of Ti02 as solid and polyacrylic acid (PAA) as polyelectrolyte. Ti02 volume fractions have been investigated both in a range that is dilute enough for following coagulation by light transmission (4 = 2.7 x and in a more concentrated range resembling those encountered in practical applications (4 = 0.16-0.19). 16-0.191 , prepared by mixing and dispersing the appropriate amount of Ti02 in about 1 L of water, during 1 min in anYstralX40/38 colloid mill. This dispersion is indicated as bulk dispersion. Viscosity measurements were performed in a Contraves Rheomat 115 viscometer, with a rotating bob and a thermostated cup with dimensions accordingto DIN 145. During measurements, the shear stress was raised starting from 10 to 343 s-1, then it was lowered. The measured sample was then returned to the bulk dispersion, and additional PAA was added.
Experimental Section
From the measurements a viscosity was calculated as the quotient (shear stress)/(shear rate), assuming a shear rate distribution in the viscometer as for a Newtonian liquid. In agreement with rheological nomenclature, this viscosity is indicated here as "apparent" viscosity.
Adsorption isotherms were obtained by adding a solution of poly(acry1ic acid) with the required pH and ionic strength to a suspension of T i 0 2 with the same pH and ionic strength. After 1 h of agitation the pH was adjusted. After 20 h of agitation at 25 "C, the suspension was centrifuged and the concentration of the PA4 was measured in the supernatant using a total organic carbon analyzer (0.1. Analytica Model 700). Blank tests indicated very little organic species passing into the solution from the solid (<0.1 ppm in the equilibrium solution). The pH of the supernatant was always within f O . l pH unit of the desired pH.
Results and Discussion
A, Dilute Ti02 Dispersions (g = 2.5 x lo-'). surface. This appears to be the most appropriate way of expressing the quantity of PAA added since separate experiments showed that, for the PAA and T i 0 2 samples employed here, there is, at low [PAA] , virtually complete adsorption of PAA on Ti027~s (see Figure 3 ).
These adsorption measurements show distinctly a transition from a high-affinity region at low PAA concentrations in the solution and low degrees of coverage of the Ti02 surface by PAA to a lower affinity range in which the slope of the curve of adsorbed PAA against the concentration is smaller. The existence of a high-affinity range agrees with data reported by Gebhardt a n d Fuerstenaug b u t stands in contrast with data reported by Vedula and Spencerlo a n d by Burlamacchi et al. 4 The difference with the data reported by Vedula et al. and by Burlamacchi et al. is the much higher affinity of the polyacrylic acid toward the T i 0 2 surface in our case. These differences can be ascribed to differences between the T i 0 2 samples employed by the respective investigators: Vedula et al. and Burlamacchi et al. employed commercial samples presumably manufactured by the so-called "sulfate" process starting from Ti(SO4)z. This appears in the case of the sample used by Burlamacchi et al. from the release of S042-ions by the Ti02 sample in aqueous solution reported by these authors. Vedula and Spencer used Ti02 with an anatase structure, which cannot be made by the "chloride" process starting from TiC14, because in this process rutile is formed directly while in the sulfate process first anatase is formed which may be converted later into rutile. TiOz samples made by the sulfate process almost invariably contain chemically bound sulfate ions at their surface which are very persistent and cannot be totally removed by washing or soxhlet extraction and manifest themselves in the final Ti02 as chemisorbed ions, as reported by Janssen and Stein.l' Therefore in the present investigation, T i 0 2 samples used were prepared from TiC14 either in the laboratory or commercially, which are less prone to uptake of ions during their manufacture. The absence of chemisorbed anions in the case of our Ti02 samples has been shown by the coincidence of PZC and IEP.
In addition, in our adsorption data no plateau region of constant adsorption is reached, as reported by Gebhardt and Fuerstenau. However, the existance of the plateau is not well-established by the experiments shown by Gebhardt and Fuerstenau, due to the spread in their adsorption data at high concentrations.
Data in the high-affinity adsorption region are plotted on an enlarged scale in Figure 3b . It is seen that, in this concentration range, the tendency of PAA to become adsorbed at a given concentration does not depend on the surface charge on the TiOz, but it should be remembered that the charge on the PAA also changes with changing pH. This stands in contrast with the situation at higher concentrations, in which a positive surface charge of increasing absolute value stimulates the adsorption of the anionic polyelectrolyte (Figure 3a) . However, the total amount which can be accomodated at the surface in the high adsorption range increases with decreasing pH value, i.e. with increasing absolute value of the surface charge if the latter is positive.
When there is virtually complete adsorption, it is more important to know how much PAA is present per square meter of Ti02 surface area than to know what the residual concentration in the liquid is. In the experiments related to the high concentration range of Ti02, the final PAA concentration in the liquid phase is expressed again as the quantity added per square meter of T i 0 2 surface. Figure 6 shows that the pastes were shear rate thinning, especially at low [PAAI. This shear rate thinning character of the pastes can be attributed to the breaking up of flocs under shear. Especially at low [PAAI, some thixotropy (decrease of viscosity with time at constant shear rate) is observed; this confirms the flocculated state of the suspensions under these conditions. coagulation by depletion of polyelectrolyte between two approaching particles. The occurrence of coagulation at low PAA concentrations and its absence at higher concentrations is confirmed by the decrease in shear rate thinning character observed (Figure 6 ).
Very low values of the viscosity are reached when the absolute value of the 5 potential reaches a constant value (-55 mV). Under these circumstances, coagulation is counteracted by electrostatic stabilization. This is likely to be important because it is determined by the electrolyte concentration a t large distances from the solid particles12 which is very low because no electrolyte had been added to the paste apart from the PAA and because in the pastes concerned the quantity of PAA in the continuous phase is negligible because of nearly complete adsorption of the PAA on the TiO2. Sterical stabilization of the TiOz under the conditions just after passage, with increasing [PAA], of the viscosity peak is unlikely: in the range ofthe PAA quantities added, the amount of PAA adsorbed on the Ti02 still increases.
Upon closer inspection, the low viscosity value observed a t concentrations higher than those corresponding to the viscosity peak is not constant but increases again with a for their contribution to the total volume of the suspension to become important. Thus, the effective solid volume fraction of the dispersion is increased, which leads to an increase in apparant viscosity. Calculations of the depletion interaction induced by the presence of PAA a t the relevant concentrations do not support alternative a. Such calculations require a Hamaker constant to be introduced. It appears that there is no complete agreement on the Hamaker constant of Ti02 in aqueous solutions; values ranging from 2.5 x to 10 x J having been reported.14 We will not introduce much error if we assume a Hamaker constant in the range 0.5-5 x J (see also Hamaker constants reported for other oxides14). In Figure 9 , the total interaction energy between Ti02 particles is plotted, as a function of the shortest intersurface distance between two spherical particles with radius 1.5 x m, using Hamaker constants of 5 x J and a Stern potential of -55 mV. The attractive potentid energy has been calculated using the Clayfield et al.15 formulae for partially retarded attraction between spherical particles, which give results that are nearly identical with those given by the Schenkel and Kitchener equations.16 The repulsive interaction energy was calculated by Derjaguin's method17 and the depletion interaction by the Sperry formula.18 For calculating the osmotic pressure of the PAA solution, PAA was considered as behaving like a monomer, sodium acrylate, but with an osmotic coefficient of 0.24 as reported for highly charged polyelectrolytes in the concentration range c~n c e r n e d . l~-~~ For the radius of gyration, an upper limit is 5.6 x m (which corresponds to half the total length of a fully stretched PAA chain of a PAA molecule withMw = 2000). The result is influenced only slightly by the radius of gyration, which is assumed for the PAA molecule, or by the value of the Hamaker constant assumed for T i 0 2 . The value of the Hamaker constant influences, however, the value of the interaction energy a t the secondary minimum: ifAHamaker = 1 x J, it is -0.22 kT, while for AHamaker = 1 x J, a secondary minimum of about -4 kT in the interaction energy is found.
Alternative b, on the other hand, is supported by the following argument: The thickness of the adsorbed polyelectrolyte layer can be calculated from the viscosity, if the latter can be used to estimate the solid volume fraction. The thickness of the adsorbed layer in the case of concentrated dispersions can also be estimated from a different experimental quantity: from the permeability of a Ti02 paste. If both values prove to be equal, with regard to their order of magnitude, alternative b is supported. In order for the comparison between both values to be valid, it is important that the solid volume fraction be comparable in the rheological experiments, on the one hand, and in the premeability measurements, on the other. This excludes estimation ofthe adsorbed layer thickness through viscosity measurements in very dilute suspensions, in which the Einstein equation can be applied: in such very dilute suspensions, the adsorbed layer thickness is expected to differ systematically from that in more concentrated dispersions, since bridging between two Ti02 particles will occur in both concentration regions to a different degree.
Since we are dealing here with dispersions with solid volume fractions which are higher than the solid volume fraction region in which the Einstein equation can be reasonably applied but which are still much lower than that corresponding to the maximum solid volume fraction 
85.
276, 1401. permitting shear (which is, for a dispersion of monodisperse spherical particles of nearly the same size, about 0.6322), we assume here that the Dougherty-Krieger equation is valid:
with 7 = the intrinsic viscosity, assumed to be 2.50; I$ = the solid volume fraction; I$max = the maximum volume fraction at which shear is possible (assumed to be 0.622); and q, = the relative viscosity. In using the Dougherty-Krieger relation between relative viscosity and solid volume fraction, the approximation that the particles, though needle-shaped, affect viscosity as if they were spherical is introduced. This relates especially to the value of 2.5 assumed for the intrinsic viscosity, 11. This value, though certainly not exact, probably does not lead to large errors as long as the increase in solid volume fraction concerned is small and the solid volume fraction is far from the maximum solid volume fraction at which flow is possible. To be sure, the resulting layer thickness cannot be regarded as more certain than 1 order of magnitude; but a greater certainty is not claimed in the context of the present paper.
The Dougherty-Krieger relation leads to the following equation for the effective solid volume fraction at a given viscosity:
.. 
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The solid volume fraction varies with the third power of the dimensions of the particles; if the particles are approximated as spheres, an increase of the relative viscosity from 71 to 72 can be recalculated as an increase in particle radius with the formula with 771 = the relative viscosity without the polymer layer and 772 = the relative viscosity with the polymer layer.
This gives values for the hydrodynamic layer thickness of adsorbed PAA shown in Figure 10 mentioned in this figure agree, as to their order of magnitude, with the values calculated for the hydrodynamic layer thickness under similar conditions, from the permeability reduction of a porous bed consiting of Ti02 by adsorbed PAA.7 A hydrodynamic layer thickness of 3 nm containing 5 x g of PAA per square meter of surface (as found from adsorption measurements) has a PAA volume fraction of about 17%; this appears to be compatible with immobilization of the solvent.
It may come as a surprise that a layer of only a few nanometers thickness can effect sterical stabilization and may greatly increase the electrostatic repulsion at low electrolyte concentrations. However, an influence of such a thin adsorbed layer is confirmed by calculations of the perikinetic stability ratio (W) at different electrolyte concentrations. W can be calculated by the formula6s7 Langmuir, Vol. 11, No. 2, 1995 427 where Va = the van der Waals attractive energy, V, = the repulsive energy, P(u) = the hydrodynamic correction factor, and u = the shortest distance between the particle surfaces divided by the particle radius. In these calculations, Hamaker constants of 5 x and 5 x J were used for T i 0 2 . The hydrodynamic layer was regarded as indistinguishable, with regard to London-van der Waals interaction, from the solvent (about 83% of its volume is made up of solvent molecules). Thus, it was assumed, in agreement with calculations reported by Osmond et al.,23 that an adsorbed layer acts primarily through the "core spacing" effect. Electrostatic repulsion was taken into account, approximating Stern potentials by experimental value of 5 potentials, with the Derjaguin formula17 ifthe absolute value ofthe 5 potential was ~0 . 0 2 5 V, or by means of interpolation between the values of the Venvey and Overbeek tabulated values.24 Steric stabilization was not taken into account: two particles were regarded as coagulated ifthe distance between the surfaces of two particles became twice the polyelectrolyte layer thickness.
The calculations were first performed in the absence of an adsorbed PAA layer, again taking into account retar- 
